The zinc acetato and triflato complexes of 2,2'-bipyridine and 1,10-phenanthroline were prepared and completely characterised. The whole series (including the already described dichlorido complexes and the ligands themselves) were screened for their catalytic activity in the solvent free ring-opening polymerisation of D,L-lactide. The acetato and triflato complexes were found to be active initiators and polylactides could be obtained in almost quantitative yields or with high molecular weights, up to 145,000 g/mol.
Introduction
Modern approaches towards green and sustainable chemistry focus on the substitution of petrochemical-based plastics with biorenewable and biodegradable materials. [1] [2] [3] [4] [5] [6] . Polylactide (PLA) is an aliphatic polyester which is produced by controlled metal-initiated ring-opening polymerisation (ROP) of lactide, the cyclic diester of lactic acid ( Figure 1 ). Due to their favourable properties resulting in a wide range of applications (e.g., packaging materials, drug delivery systems, surgical implants), PLAs have been proven to be the most attractive and useful class of biodegradable polyesters among the numerous polyesters studied to date [7] . Based on the 12 principles of green chemistry introduced by P. T. Anastas and J. C. Warner [8] [9] [10] PLA can be described as sustainable polymer in context of green chemistry. It is produced from inexpensive annually renewable resources, and after its lifetime it can be recycled or it degrades through simple hydrolysis of the ester linkages into non-toxic, harmless natural products. Thus PLA is also a low-impact greenhouse gas polymer because the CO 2 generated during the biodegradation is balanced by an equal amount taken from the atmosphere during the growth of plant feedstock [10] . By using environmentally desirable solvent free reaction conditions the waste disposal of the production process can be further improved. Thus, the change of PLA from a specialty material to a large-volume commodity plastic is required in reference to green chemistry [7, [11] [12] [13] [14] [15] [16] [17] .
Consequently, the development of new single-site metal catalysts for the ROP of lactide has seen tremendous growth over the past decade. Several important ligand classes have been used to stabilise catalytic active complexes, including simple alkoxides and carboxylates, β-diiminates, tris(pyrazolyl)borates, phenolates, guanidates, Schiff bases, bis(phosphinimino)methanides and salen ligands. [5, 11, 12, 14, [18] [19] [20] [21] However, their high polymerisation activity is often combined with high sensitivity which can be ascribed to the anionic character of these ligands. Thus, for industrial purposes, there is an exigent need for initiators that tolerate air, moisture and small impurities in the monomer [14] .
Up to now, only few systems using neutral ligands have been described. They apply strong donor systems like guanidines, [22, 23] , phosphinimines, [24] and imidazolin-2-imines [25] . To find new neutral ligands for the development of ROP active single-site metal catalysts we focused our interest on 2,2'-bipyridine (bipy, 1) and 1,10-phenanthroline (phen, 2), some of the most widely used bidentate ligands in coordination chemistry (Figure 2 ). They are commercially available, easy to handle and can stabilise complexes with a wide range of transition metals due to their favourable donor properties. To date several zinc complexes containing 1 and 2 were synthesised, [26] [27] [28] [29] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] but to the best of our knowledge, none has been tested for their ability to initiate the ring-opening polymerisation of cyclic lactones. Herein we report on the synthesis and characterisation of four novel zinc acetate and triflate complexes stabilised by 2,2'-bipyridine and 1,10-phenanthroline. They together with already described chloride complexes (Figure 3 ) [39, 40] and the ligands themselves were screened for their catalytic activity in the solvent free ROP of D,L-lactide. [39, 40] .
Results and Discussion

Complex Syntheses
The zinc complexes 1a [39] and 2a [40] were prepared according to literature procedures.
2c) were obtained as colourless crystal solids in 88-98% yields by simple stirring of 1 and 2 with Zn(OAc) 2 and Zn(OTf) 2 in a dry aprotic solvent (THF/MeCN) (see Figure 4) . Single crystals were prepared either by cooling a saturated solution slowly to room temperature or by slow diffusion of diethyl ether into the solution. The molecular structures of 1b-2c ( Figures 5-7) were determined by X-ray crystallography. The crystals obtained show a high stability towards moisture and air. They can be handled and stored in air, whereas the corresponding zinc salts (ZnCl 2 , Zn(OAc) 2 and Zn(OTf) 2 ) are sensitive towards hydrolysis and are rather hygroscopic. The chlorido complexes 1a and 2a exhibit simple tetrahedral coordination geometry, where the zinc atom is fourfold coordinated by the two N-donor atoms of the chelating ligand and two chlorides, respectively ( Figure 3 ). The acetato complexes 1b and 2b possess a polynuclear structure. In 1b, two Zn atoms are surrounded by the N-donor atoms of 1 and three oxygen atoms of three acetato bridging ligands connecting each Zn atom with a third Zn atom located between them. Consequently, the latter shows an octahedral coordination environment whereat each corner is occupied by an acetato oxygen atom. Interestingly, in each case two acetato ligands bridge the Zn atoms via two oxygen functions but the third acetato ligand connects the metal atoms via only one oxygen atom of the acetate group. 2b is a binuclear species that is also bridged by acetato ligands. Each Zn atom is coordinated by the N-donors of 2 in a chelating manner, and two oxygen atoms of two acetato ligands connecting them both and generating an eight-membered heterocycle. To complete the trigonal bipyramidal coordination sphere of each metal atom the fifth coordination site is occupied by a non-bridging acetato ligand. The zinc triflato complexes 1c and 2c exhibit an analogous structure motif. Each zinc atom is surrounded by the four N-donor atoms of two chelate ligands and two oxygen atoms of two triflato ligands generating an octahedral coordination environment. Due to the rigid structure of 1 and 2, the bite angles of the described complexes differ slightly, ranging from 75.8 (1) Table 1 . 
Polymerisation Activity
The complexes 1a to 1c and 2a to 2c, as well as the ligands 1 and 2 were tested for their ability to initiate the ring-opening polymerisation of D,L-lactide. For preliminary polymerisation tests the monomer (used without further purification) and the initiator (I/M ratio 1:500) were heated for 24 h or 48 h at 150
• C. After the reaction time, the melt was dissolved in dichloromethane, and the PLA was precipitated in cold ethanol, isolated and dried under vacuum at 50
• C. In order to rate the catalytic activity of the complexes, the polymer yield was determined and the molecular weights as well as the polydispersity of the PLA were determined by gel permeation chromatography (see Table 2 ). The tacticity was analysed by homonuclear decoupled 1 H NMR spectroscopy [41] .
We found that the pure ligands as well as the chloride complexes show even after 48 h no catalytic activity whereas the zinc acetato and zinc triflato complexes possess the ability to produce PLA. Due to the fact that the acetate containing complexes provide polymers with significantly higher molecular weights and higher yields as their triflate containing analogues, it is obvious that the catalytic activity strongly depends on the character of the anionic component of the zinc complex. We reported this strong dependence in previous studies by using bis-chelated zinc guanidine complexes [22] . In addition, the complexes stabilised by 1 exhibit a higher activity as those stabilised with 2. The extension of reaction time from 24 to 48 h leads in the case of 1c and 2c to an increase of yield and molecular weight, whereas in polymerisations initiated with 1b and 2b a decrease of molecular weight can be observed which may be caused by side reactions such as interchain or intrachain transesterification resulting in a chain-transfer reaction [42, 43] . It is also remarkable that the molecular weights of the polymers obtained by utilising 1c and 2c were significantly high in relation to the obtained yield. These PLA samples also show with P r values of 0.59 and 0.61 a slight heterotactic enchainment whereas the values of samples obtained using 1b and 2b (0.50) imply that the complex structure shows no ability to affect the tacticity of the formed polymer. In oder to classify the polymerisation activity of 1a, 2a, 1b, 2b, 1c and 2c their results are compared to those of the free salts and guanidine-pyridine zinc complexes that were tested under the same conditions [22] . Since ZnCl 2 gives after 48 h PLAs with M w values of 45,000 g/mol in yields of 85%, whereas the chlorido complexes 1a and 2a show no ability to catalyse the ROP of lactide, the possibility that the complexes decompose in the melt and the single components are the real initiators can be excluded. The reversed effect can be observed in the case of Zn(CF 3 SO 3 ) 2 and 1c and 2c. Whereas 1c and 2c are quite active, the free zinc salt did not show any catalytic performance. Zn(CH 3 COO) 2 is well known to initiate lactide polymeristaion, but under the same conditions, it shows less catalytic activity than 1b and 2b and a broader distribution (t = 24 h, Y = 69%, M w = 130,000 g/mol, PD = 2.1). In comparison to the most active guanidine-pyridine zinc triflate complex (t = 24 h, Y = 93%, M w = 155,000 g/mol, PD = 2.2) out of a recently tested series of guanidine-pyridine zinc complexes, 1c and 2c show less catalytic activity whereas 1b and 2b provide a comparable activity. In addition their M w values that lie close to the expected values (based on the monomer to initiator ratio) and the relatively narrow distribution of molecular weight indicate a more controlled reaction.
These preliminary investigations using complexes stabilised by the neutral bis-chelating ligands, 2,2'-bipyridine and 1,10-phenanthroline, show that they provide PLAs with high yields or with high molecular weights. This together with their commercial availability, their high stability which makes them easy to handle and their favourable donor properties clearly demonstrate that they are a promising neutral ligand class for the development of single-site metal catalysts for the ROP of lactide.
Conclusions
In this contribution we reported on the synthesis and complete characterisation of four novel zinc complexes stabilised by the neutral bis-chelating ligands, 2,2'-bipyridine and 1,10-phenanthroline, that were proven to be active initiators in the solvent-free ring-opening polymerisation of D,L-lactide. They provide PLAs in almost quantitative yields or with high molecular weights up to 145,000 g/mol. This combined with commercial availability, high robustness resulting in an easy handling and favourable donor properties demonstrate the high potential of this neutral ligand class for the development of excellent and application-oriented single-site metal catalysts for the ROP of lactide. Optimisation of the reaction conditions to control the polymerisation process and the elucidation of the mechanism which is active without the presence of alcohols and alkoxides, as well as the development of more active catalysts are conducted in further studies.
Experimental Section
Material and Methods
General Remarks
All manipulations were performed under pure dinitrogen (99.996%) or argon (99.996%) dried with P 4 O 10 granulate using Schlenk techniques or a glovebox. Solvents were dried and purified according to literature procedures [44] and also kept under inert gas. Zinc chloride (99.99%, Acros), zinc acetate (99.99%, Acros), zinc trifluoromethanesulfonate (98%, Aldrich), D,L-lactide (3,6-Dimethyl-1,4-dioxane-2,5-dione, Purac), 2,2'-bipyridine (Aldrich) and 1,10-phenanthroline (Aldrich) were used as purchased. The zinc complexes 1a [39] and 2a [40] were prepared according to literature procedures.
Physical Measurements
Spectra were recorded with the following spectrometers: NMR: Bruker Avance 500. The NMR signals were calibrated to the residual signals of the deuterated solvents (δ H (CDCl 3 ) = 7.26 ppm, δ H (CD 3 CN) = 1.94 ppm). Samples for homonuclear decoupling were prepared by dissolving 10 mg of the polymer in 1 mL of CDCl 3 (Aldrich) and the samples were left for 2 hours to ensure full dissolution [45] . The 1 H homonuclear decoupled spectra were recorded on a Bruker Avance 400 MHz spectrometer and referenced to residual solvent peaks. The parameter P r (probability of heterotactic enchainment) was determined via analysis of the respective integrals of the tetrads, using P r 2 = 2 [sis]. Table 3 . Data were collected on a Bruker-AXS SMART [46] APEX CCD, using MoKα radiation (λ = 0.71073Å) and a graphite monochromator. Data reduction and absorption correction were performed with SAINT and SADABS [46] . The structures were solved by direct and conventional Fourier methods, and all non-hydrogen atoms refined anisotropically by full-matrix least-squares techniques based on F 2 (SHELXTL [46] ). Hydrogen atoms were derived from difference Fourier maps and placed at idealised positions, riding on their parent C atoms, with isotropic displacement parameters U iso (H) = 1.2U eq (C) and 1.5U eq (C methyl ). All methyl groups were allowed to rotate but not to tip. Full crystallographic data (excluding structure factors) for 1b, 2b, 1c and 2c have been deposited with the Cambridge Crystallographic Data Centre as supplementary no. CCDC-752689 (1b), CCDC-752690 (2b), CCDC-752691 (1c) and CCDC-752692 (2c). Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). Gel permeation chromatography: The molecular weight and molecular weight distribution of obtained polylactide samples were determined by gel permeation chromatography (GPC) in THF as mobile phase at a flow rate of 1 mL/min. A combination of PSS SDV columns with porosities of 10 5 and 10 3Å was used together with a HPLC pump (L6200, Merck Hitachi) and a refractive index detector (Smartline RI Detector 2300, Knauer). THF was used as mobile phase at a flow rate of 1 mLmin −1 .
Universal calibration was applied to evaluate the chromatographic results. Kuhn-Mark-Houwink (KMH) parameters for the polystyrene standards (K P S = 0.011 mLg −1 , α P S = 0.725) were taken from literature [47] . Previous GPC measurements utilizing online viscosimetry detection revealed the KMH parameters for polylactide (K P LA = 0.053 mLg −1 , α P LA = 0.610) [22] . • C. After the reaction time the polymer melt was allowed to cool to room temperature and then was dissolved in 25 mL of dichloromethane. The PLA was precipitated in 350 mL of ice-cooled ethanol and dried in vacuo at 50
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